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Jet-cooled, laser induced phosphorescence (LIP) excitation spectra of thioacetaldehyde 
(CH3CHS, CH3CDS, CD3CHS, and CD3CDS) have been observed in the 15800-17 300 
cm - 1 region in a continuous pyrolysis jet. The responsible electronic transition, 
T1 +- So, (j3A" +- i lA', results from an n--+7r* electron promotion and gives rise to a pattern 
of vibronic bands that can be attributed to activity of the methyl torsion and the 
aldehyde hydrogen out-of-plane wagging modes. Potential and kinetic energy surfaces were 
mapped out for the aldehyde wagging (a) and the torsional (e) internal coordinates 
by using 6-31G* Hartree-Fock calculations in which the structural parameters were fully 
relaxed. The potential and kinetic energy data points were fitted to double Fourier 
expansions in a and e and were incorporated into a two-dimensional Hamiltonian operator. 
The spectrum was simulated from the transition energies and the Franck-Condon 
factors and was compared to the observed jet cooled LIP spectra. It was concluded that 
while the RHF procedure gives a good description to the ground state dynamics, the triplet 
state surface generated by the UHF method is too bumpy and undulating. 
INTRODUCTION 
In general, the higher electronic states of molecules 
exhibit a greater structural flexibility than do the corre-
sponding ground electronic states. This nonrigidity is a 
direct consequence of the excitation process which pro-
motes an electron from a bonding or nonbonding orbital to 
a molecular orbital which is antibonding. Thus the n--+7r* 
electronic excitation in the carbonyl chromophore results 
in a reduction of the C==O bond order from 2.0 to 1.5, 
while at the same time the bond length increases by 0.08-
0.11 A. Even more dramatic changes occur in the bond 
angle relationships. In the case of the molecular proto-
type,1 formaldehyde CH20, the rigid planar conformation 
of the So ground electronic state converts into a pyramidal 
structure on excitation. The out-of-plane motion that in-
verts the pyramidal S 1 singlet excited state structure is 
described by a double minimum potential which contains a 
central barrier of 350 cm -1. The heights of the barriers to 
molecular inversion are sensitive to the nature of the at-
tached group. For example, the first singlet and triplet 
states of the sulphur analog, thioformaldehyde CH2S, are 
pseudoplanar, while formyl fluoride CF20, on the other 
hand, has a barrier of 3100 cm -1 to molecular inversion. 
')To whom correspondence should be addressed. 
b)Perrnanent address: Quantum Electronics Laboratory, Institute ofPhys-
ics, A. Mickiewicz University, Grunwaldzka 6,60-780 Poznan, Poland. 
Additional large amplitude motion is introduced into 
these systems when more complex structures are attached 
to the carbonyl group. In the case of acetaldehyde, 
CH3CHO, the CCHO frame is rigidly planar in the So state 
and the rotation of the methyl group constitutes the single 
large amplitude mode. As would be expected, the molecu-
lar frame in SI acetaldehyde is pyramidal and the structure 
is highly flexible along both the aldehyde wagging and me-
thyl torsion coordinates. Thus the low frequency dynamics 
of the excited state are governed by two large amplitude 
modes: torsion of the methyl group; and a wagging motion 
of the aldehyde hydrogen. An even more complex case 
would be acetone, (CH3hCO, where the low frequency 
dynamics of the ground state are described by interacting 
methyl groups. Additional flexibility is introduced into the 
upper excited states from the wagging displacement of the 
carbonyl group. Thus it would require three large ampli-
tude coordinates to describe the dynamics of excited states 
of this simple molecule. 
It is the Franck-Condon principle that makes elec-
tronic spectroscopy an ideal tool for investigating large 
amplitude motions in polyatomic molecules. This principle 
relates the assignment of the observed band progressions to 
the normal coordinates that most closely correspond to the 
changes in molecular structure which occurs on electronic 
excitation. Thus we anticipate that the CH wagging and 
the CH3-torsion modes would be active in forming progres-
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sions in the So --+ SI electronic spectrum of acetaldehyde. 
The visible spectrum of thioacetaldehyde2,3 lies in the 
630-560 nm region and results from an n --+ 1T* electron 
promotion. Both the spin allowed So --+ SI and spin forbid-
den So --+ TI transitions are observed in absorption and have 
about the same strength. As a result of the structural dif-
ferences between the ground and excited electronic states, 
the vibronic fine structure contained in the absorption 
spectrum is found to be highly complex. In the case of the 
lower So --+ TI system,4,5 the spin-orbit selection rules limit 
the number of active vibronic transitions, and thereby re-
duce the complexity of the spectra. At room temperature, 
this system consists of two clusters of bands that are sep-
arated by a quantum of the C S stretching mode, Q9' The 
dense cluster that is located in the region of tht: system 
origin has been attributed to the activity of the methyl 
torsion mode, Q15' Franck-Condon arguments suggest the 
appearance of this mode in the spectrum would result from 
a displacement of the equilibrium conformations in the two 
electronic states. The lower Tl state is observed to be ra-
diative and under collision free conditions has a lifetime4 of 
about 10 Jls. 
EXPERIMENT 
Thioacetaldehyde is unstable at room temperature. It 
may be prepared by pyrolysis of the trimer 1,3,5,-
trimethyl-s-trithiane and detected in a flow system. In this 
case, the trimer was prepared by the method of Kroto et 
al.7 by passing H2S gas through an ice cold mixture ofHCl 
and acetaldehyde. The CH3CDO, CD3CHO, and 
CD3CDO samples were supplied by MSD isotopes. For 
CD3CHS and CD3CDS, which have exchangeable hydro-
gens DCI and D2S, were used. 
Jet-cooled phosphorescence excitation spectra of thio-
acetaldehyde and its deuterated isotopomers were obtained 
using the pyrolysis jet spectroscopic technique. 8 The crys-
talline trimer was warmed to 50 'C, the vapor entrained in 
1 atm of argon, and the mixture pyrolyzed at 700'C just 
prior to expansion through a 150 Jl nozzle into vacuum. 
From past experience we estimate that rotational temper-
atures of 5-10 K were obtained under these conditions. In 
order to accentuate the weak hot bands, warm jet spectra 
also were recorded by altering the expansion conditions to 
prevent complete cooling of molecules in higher vibrational 
levels populated in the high temperature pyrolysis zone. 
The phosphorescence of thioacetaldehyde was excited 
with a Nd:YAG pumped dye laser system (Lumonics HY 
750+HyperDye 300) using rhodamine 6G, rhodamine 
610, and coumarin 540A laser dyes (Exciton). Laser pow-
ers of 1-5 mJ per pulse and linewidths of approximately 
0.1 cm -I were employed. The emission was detected by 
imaging the cold portion of the supersonic expansion 
through a suitable cutoff filter to reject scattered light and 
onto a high gain, red sensitive photomultiplier (EMI 9816 
QB). The excitation spectra were wavelength calibrated9 
by simultaneously observing the optogalvanic effect in a 
neon-filled hollow cathode lamp. 
~ 
(f) 
z 
W 
I-
Z 
W 
> i= 
:5 
w 
0::: 
16200 16400 16600 16800 
WAVENUMBER (cm- 1) 
FIG. 1. The phosphorescence excitation spectra of CH3CHS and 
CH3CDS recorded under jet conditions. 
RESULTS AND ASSIGNMENTS 
Figures 1 and 2 show the phosphorescence excitation 
spectra of thioacetaldehyde and its deuterated isotopomers 
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FIG. 2. The phosphorescence excitation spectra of CD3CHS and 
CD3CDS recorded under jet conditions. 
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TABLE I. Observed band maxima" in the excitation spectrum of (a) CH3CHS, (b) CH3CDS, (c) CD3CHS, and (d) CD3CDS. 
(a) 
000. Ditr. Assign.b 
Warm jet spectrum 
15987.2 -307.7 15~al 
160 35.3 -259.6 15le 
161 31.9 -163.0 15?e 
161 88.7 -106.2 15la2 
16294.9 
16346.9 
164 05.8 
16417.5 
164 26.1 
164 35.5 
164 59.1 
164 63.6 
164 75.5 
164 87.8 
164 99.6 
16503.5 
16516.3 
16544.3 
16628.1 
16689.7 
17021.5 
17042.1 
17094.7 
17153.8 
17160.3 
17165.7 
17173.0 
171 82.9 
172 10.8 
172 22.6 
172 35.3 
17246.1 
172 90.6 
Cold jet spectra 
0.0 000"1 
+52.0 156e 
+ 110.9 15501 
+122.6 
+13\,2 
+140.6 
+ 164.2 155e 
+168.6 
+180.6 
+192.9 
+204.7 
+208.3 
+ 22 \,4 
+249.4 l~e 
+333.2 
+726.6 
+747.2 9601 
+ 799.8 96156e 
+858.9 9615501 
+865.4 
+870.8 
+878.1 
+ 888.0 9615~e 
+915.9 
+927.7 
+940.4 
+95\,2 
+995.7 96146e 
17429.9 + 1135.0 
17513.1 + 1218.2 
aIn em-I. 
~ the text for notation. 
(b) 
Obs. Ditr. Assign. 
Warm jet spectrum 
15847.1 -51\.6 
15943.6 -415.1 15~e 
160 57.6 -303.3 15~al 
160 72.4 
16200.8 
16249.8 
16292.6 
-286.3 
-160.1 15?e 
-111.1 15la2 
-68.3 15;e 
Cold jet spectra 
16360.9 
16399.9 
164 62.2 
164 68.3 
164 73.6 
164 77.9 
164 84.6 
1651\.8 
16519.8 
16527.7 
16546.7 
16527.7 
16546.7 
16576.7 
16662.1 
1674\.2 
17082.2 
17123.6 
171 53.7 
171 86.6 
17196.9 
1720\,2 
172 08.0 
172 34.8 
172 42.5 
172 49.9 
172 61.5 
172 66.1 
172 72.3 
172 99.1 
0.0 000"1 
+39.0 156e 
+ 101.3 155al 
+107.4 
+112.7 
+117.0 
+ 123.7 155e 
+150.9 
+158.9 
+166.8 
+185.8 
+166.8 
+ 185.8 
+215.8 
+301.2 
+380.3 
+ 721.3 
+ 762.7 
+792.8 
+825.7 
+836.0 
+840.2 
146e 
14615601 
10615501 
96a l 
96156e 
8601 
96155a l 
+847.1 96155e 
+873.9 
+88\.6 
+889.0 8615501 
+900.6 
+905.2 
+911.4 
+938.2 95146e 
17377.8 + \016.9 
17447.2 + \086.3 
recorded under jet-cooled conditions. Listings of the band 
maxima in the excitation spectra are given in Tables I(a) 
to I(d). 
In contrast to the highly congested phosphorescence 
excitation spectra recorded earlier4 at room temperature, 
the electronic origins (ogo 1) of the singlet-triplet system 
can be identified without difficulty in the 
CH3CHS/CH3CDS/CD3CHS/CD3CDS spectra as the on-
set of well defined bands at 16294.9/16360.9/16299.7/ 
16 367.2 em - 1. The isotope effect on the origin band for 
CH3/CD3 methyl substitution is small 
(+4.8/+6.3 em-I), but somewhat larger for CHS/CDS 
substitution at the aldehyde end of the molecule, 
(+66.0/+67.5 em-I). 
For shorter wavelengths, each isotopomer displays a 
simple progression in the cold jet spectrum which can be 
(c) 
Obs. Ditr. Assign. 
Warm jet spectrum 
159 55.7 - 344.0 15~e 
15046.0 -253.7 
160 58.4 -24\.3 15~al 
160 86.2 - 213.5 15le 
162 13.4 -86.3 151a2 
16248.3 -5\,4 15;e 
Cold jet spectra 
16299.7 
16340.6 
16393.1 
0.0 000"1 
+40.9 156e 
+93.4 155al 
164 32.7 + 133.0 
164 40.7 + 14\.0 
164 43.8 + 144.1 
164 53.7 + 154.0 
164 73.2 + 173.5 
164 84.5 + 184.8 
164 96.7 + 197.0 
166 50.1 + 350.4 
16691.9 +392.2 
1698\'2 
17020.3 
17072.0 
1711\,7 
17122.8 
1713\.8 
17133.9 
17151.3 
17162.4 
+68\.5 96al 
+ 720.6 96156e 
+ 772.3 96155al 
+812.0 
+823.1 
+832.1 
+834.2 
+85\.6 
+862.7 9,\15ije 
171 73.8 +874.1 
172 03.5 +903.8 
172 43.3 +943.6 
(d) 
Obs. Ditr. Assign. 
Warm jet spectrum 
15867.2 -500.0 14?e 
15887.1 -480.1 14?155a2 
160 30.4 - 336.8 15~e 
160 5\,2 -316.2 15la2 
16107.4 -259.8 151e 
161 32.6 -234.6 15~al 
16157.4 -209.8 15le 
162 1 \,2 -156.0 ISlal 
16244.6 -122.6 15?e 
16274.0 -93.2 ISla2 
16303.2 -65.0 15;e 
Cold jet spectra 
16367.2 
16396.8 
164 49.0 
0.0 
+29.6 
+8\.8 
1648\.6 +114.4 
164 84.8 + 117.6 
164 92.5 + 125.3 
16500.8 + 133.6 
16503.5 + 136.3 
16528.4, 
16541.5 
16551.2 
16557.1 
16703.3 
16964.3 
17044.4 
17073.7 
17125.3 
+161.2 
+174.3 
+184.0 
+189.9 
+336.1 
+597.1 
+677.2 
+706.5 
+758.1 
17156.3 +789.1 
17160.1 +792.9 
146e 
9601 
96156e 
86a l 
17166.7 +799.5 9615501 
171 75.55 +808.3 
17178.8 +811.6 
172 02.5 +835.3 9614~e 
172 26.6 +859.4 
172 31.7 +864.5 
tracked out to two or three members. The first interval in 
the spectra of the four isotopomers is, respectively, +52.0/ 
+39.0/+40.9/+29.6 em-I. On the basis of the low fre-
quency interval and the CH3/CD3 isotope frequency shifts, 
these intervals can be assigned to the activity of the 
V15( C",a") CH3 torsional mode, 156e. The third band in the 
spectra of the isotopomers can be grouped into the pro-
gressions in intervals of + 110.9/+ 101.3/ +93.4/+81.8 
cm - 1 and bear the assignment 156a 1. The corresponding 
intervals, 15~e in the warm jet spectra which extend to 
longer wavelengths from the origin band are observed at 
-163.0/ - 160.1/ - 122.6 ill the CH3CHS/CH3CDS/ 
CD3CDS spectra. 
As an aid to making the vibronic assignments, the mo-
lecular structures and vibrational frequencies of thioacetal-
dehyde were calculated by means of the GAMESS suite of ab 
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initio molecular orbital programs. 1O The restricted 
Hartree-Fock (RHF) and Unrestricted Hartree-Fock 
(UHF) schemes with a 6-31G* MO basis were employed 
for the So and TI states. The structure for selected confor-
mations of the two states were fully optimized. Vibrational 
frequencies were calculated in the harmonic approximation 
and scaled by 0.89 to correct for the effects of electron 
correlation. II 
In the SofTI states, the C=S bond length was calcu-
lated to be 1.6064/1.7449 A. The increase in C=S bond 
length of 0.1385 A for n--+1T'* excitation is somewhat 
greater than would be expected for the 2.0 to 1.5 change in 
bond order of the thiocarbonyl group. I The structural 
change does suggest that the C=S mode should be 
strongly active in forming bands in the spectrum. The cal-
culated TI state vibrational frequencies for the V9(C S) 
vibration are 673.30/654.85/624.74/619.58 cm- I for the 
four isotopomers. The intervals + 747.2/ + 721.3/ +681.5/ 
+ 677.2 cm -I that are observed between the prominent 
clusters which dominate the spectra are thus given the 
assignment 9601' 
The other interval which can be observed to form char-
acteristic band clusters is found at + 394.8 in the 
CH3CHS spectrum. The CCS group is calculated to have 
an angle of 126.61· in the So state, which decreases to 
120.00· in the TI state. The VIO( CCS) vibrational mode 
which most closely corresponds to this displacement is cal-
culated to be 377.73 cm -I in the So state and 279.06 
em -I in the TI state. Thus the cluster at + 394.8 cm -I is 
assigned to 1O~ 155a I' A set of bands is observed within the 
V9(C=S) group of torsional bands in CH3CDS which is 
not found in CH3CHS. The effect of D/H substitution al-
lows the assignment to be made to the in plane vg(CCD) 
aldehyde hydrogen bend. The band at +889.0 cm- I in 
CH3CDS is assigned to 8~155a1' 
The final, and perhaps most interesting assignment, is 
that of the aldehyde out of plane wagging mode, V14' As-
suming a rigid molecule of Cs(a',a") symmetry, the vi-
bronic spin-orbit selection rules allow for only the a' ~a' 
and a"~" transitions. The moderately intense band at 
+249.4 cm- I from the CH3CHS origin, that shifts to + 
215.8 cm - I in CH3CDS, is assigned to the VI4 wagging 
mode. Based on the selection rules for the rigid Cs mole-
cule, this single quantum of an a" antisymmetric mode 
should not appear in the spectrum. However, the effect of 
the torsional nonrigidity splits the VI4 level into a2 and e 
sublevels. As the vibrational zero point level of the So state 
contains the al and e sublevels an e~e transition can con-
nect the lower electronic state with the single quantum 
addition VI4 of the TI state, 14~e. What is surprising is that 
while this transition forms strong bands in the CH3CHS 
and CH3CDS spectra, the corresponding bands are weak 
or absent in the spectra of CD3CHS and CD3CDS. 
To further understand the effects of the coupling of 
hydrogen wagging and methyl torsion, we simulated spec-
tral profiles from the transition energies and Franck-
Condon factors that were derived from ab initio Hartree-
Fock calculations. The starting point for this analysis is the 
FIG. 3. The internal coordinates for the large amplitUde motion: a (al-
dehyde wagging) and e (methyl torsion). 
Hamiltonian operator, H(a,S), for the combined wagging 
and torsional motions 
a a a a 
H(a,e) = - aa Ba(a,e) aa -2 aa Ba,(J(a,e) ae 
a a 
- aeB()(a,e) ae+ V(a,e). (1) 
In this equation Ba(a,S), Be(a,S), and Bae(a,S) are the 
internal rotation constants and the kinetic interaction 
terms which depend on the a (hydrogen wagging) and S 
(methyl torsion) coordinates defined in Fig. 3. V(a,S) is 
the potential energy. 
The existence of symmetry planes in the methyl rotors 
and in the molecular frame allows the nonrigid symmetry 
of the So and TI states of thioacetaldehyde to be classified 12 
A A 
under the C3 torsion and V switch operations of the G6 
nonrigid group, where C:f(a,S) = l(a,S + 120·) and 
VI( a,S) = I( - a, - S). This is a group which is isomor-
phous with C3v' It is therefore possible to block the matrix 
corresponding to Eq. (1) into ai' a2' and e representations. 
The potential energy V(a,S) may be described2(a),2(b) 
in terms of a Fourier series as 
V(a,e) = I I [A~Z cos Ka cos 3Le 
K L 
+A~L sin Ka sin 3Le]. (2) 
A grid of energy data points 11 for the wagging and 
torsional coordinates was calculated using RHF and UHF 
methods for the So and TI states. The molecular structure 
at each point was fully optimized. For the lower So state, it 
was found that the series expansion could be limited to five 
terms, I I whereas the excited state is relatively flat along the 
a and S directions and required a total of eight terms. 
Plots of the potential surfaces are shown in Figs. 4 and 
5. It is clear from these plots that the equilibrium confor-
mation of lower So state is planar with the aldehyde hy-
drogen and sulphur atoms eclipsed (a=O.O·,S=O.O·). The 
barrier to methyl rotation at the antieclipsed conformation 
(a=0.0·,S=60.0·) is calculated to be 541.44 cm- I , which 
is to be compared to the observed microwave I value of 
549.8 cm- I and a value of 534.3 cm- I obtained from the 
visible spectrum.2 The steepness of the potential function in 
J. Chern. Phys., Vol. 97, No.6, 15 September 1992 
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FIG. 4. The potential energy surface V(a,9) for the So electronic state. 
The interval between the contour lines is 200 cm -I. 
the direction of the a wagging coordinate indicates that 
QI4 is a small amplitude vibration in the lower electronic 
state. 
The potential surface for the excited state is more com-
plicated. In the equilibrium position, the C-H aldehyde 
bond is distorted from the CC=S plane by + 24.60°, while 
at the same time the methyl group rotates by +74.34°. 
Thus a full cycle of the wagging-torsion coordinates gen-
erates six minima in the V(a,8) potential surface for the 
TI state. The other interesting aspect of the energetics of 
the TI state is that the antieclipsed conformation is more 
stable than the eclipsed conformation by 321.79-175.55 
= 146.24 cm -I. This change in the phase relationship in 
the potential functions for methyl rotation in the So and 
TI states has been observed before2(a) and has been attrib-
uted to the effects of hyperconjugation. 
While the kinetic energy contribution to the Hamil-
tonian is not as sensitive as the potential energy to changes 
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FIG. S. The potential energy surface V(a,9) for the TI electronic state. 
The interval between the contour lines is 100 em-I. 
in the molecular structure, it does vary enough to be re-
garded as a constant. For this reason, the terms Ba (a,8) 
and Ba (a,8) as well as the interaction constant 
Bae(a,8) were evaluated at the same a,8 grid points that 
were used to establish the potential surface. Since the mo-
lecular structure was fully optimized at each grid point, it 
is possible to evaluate the kinetic energy as a function of a 
and 8 by numerical methods. 
To obtain the Ba(a,8) Be (a,8), and Ba,e(a,8) ki-
netic energy terms in Eq. (1), it is necessary to numerically 
determine the vibration-rotation G matrix. For the cou-
pling of the two vibrations with the overall rotation, this is 
given by13-15 
Ixx -Ixy -1= Xli X I2 -I 
-Iyx Iyy -Iyz X 21 X 22 
G= -Izx -Izy I zz X 31 X32 
Xli X 12 X13 Yll Y12 
X 12 X 22 X32 Y12 Y22 
The elements of this matrix are defined by 
Iii = I rna(ra·ra-";;> , i=x,y,z, 
a=1 
where x, y, and z are the molecular fixed axes. 
and 
Iik= I rnarairak' i=l=k, 
a=1 
~ (iJra) (ara) Yik= £..- rna a. .  . 
a=1 q, qk 
(3) 
(4) 
(5) 
(6) 
(7) 
Here N is the number of atoms in the molecule, rna is the 
mass of the ath atom, r a is the coordinate vector to the ath 
atom originating from the center of mass, and r ai and r ak 
are the ith and kth components of the ath vector, respec-
tively. The derivatives defined in Eqs. (6) and (7) were 
numerically determined by calculating the structure of the 
molecule before and after increments of 0.01 ° were applied 
to the a and 8 directions as, a+aa, a-aa and 8+a8, 
8-a8. After the center of mass was determined, the el-
ements of Eqs. (5)-(7) were inserted into Eq. (2), which 
was inverted to give the G matrix. The identification of the 
elements G44, G55, and G45 with the Ba, Be, and Ba,e in-
ternal rotation constants of Eq. (1) is the final stage of the 
calculation. The Ba, Be, and Ba,e constants were evaluated 
at the a and 8 grid points and were fitted to totally sym-
metric Fourier expansions,lI Plots of the kinetic energy 
surfaces Ba(a,8) and Be (a,8) for So CH3CHS are given 
in Fig. 6. 
Figure 6 shows that the internal rotation constants for 
CH3CHS in the two electronic states are nearly indepen-
dent of the 8 and a coordinates. For example, Be(a 
= 00,8 = 0°) = 7.57067 for the eclipsed conformation 
decreases to Be(a = 0°,8 = 60°) = 7.551 97 cm- I in the 
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-25.0.j,§~~~~~~2:2~~~~ 
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TORSIONAL ANGLE (9) 
FIG. 6. Plots of the internal rotation constants Ba(a,e) and Be(a,e). 
The contour intervals are 0.04 cm- I. 
antieclipsed form as the methyl group rotates by 60°. If the 
three methyl CH bonds are completely equivalent, the 
CH3 group will have local C3 symmetry and will behave as 
a finely balanced propeller as it rotates about the C-C 
bond. Under these circumstances the kinetic energy will be 
a constant of the motion and Be will be independent of 8. 
The calculated structures given in Ref. 9 for the eclipsed 
conformation show that the in-plane and out-of-plane CH 
bonds have different lengths, 1.0805 and 1.0874 A, respec-
tively, and change to 1.0831 and 1.0842 A on rotation to 
the antieclipsed conformation. The 0.2 % variation ob-
served in the Be values is a reflection of the unbalancing of 
TABLE II. Calculated torsion-wagging energy levels for the So and T, 
electronic states of thioacetaldhyde-h4 with fixed and variable kinetic en-
ergy (in cm -I ).' 
V,. v's Sym. So (Fix.)b So (Varf T, (Fix.)d T, (Var.)C 
0 0 a, 0.000 0.000 0.000 0.000 
0 0 e 0.018 0.203 0.215 0.213 
0 e 151.806 152.oI2 82.398 82.645 
0 a2 152.504 152.720 84.328 84.654 
0 2 a, 283.172 283.369 173.092 172.706 
0 2 e 290.526 290.922 166.186 167.238 
0 3 e 389.101 389.297 190.531 190.243 
0 3 a2 429.315 430.230 171.290 172.500 
I 0 a2 860.861 864.064 313.846 313.361 
I 0 e 860.926 864.148 254.337 253.861 
1 1 e 994.121 997.205 300.930 302.371 
a, 995.704 998.976 347.882 347.994 
'Expansion coefficients of V(a,e) from Ref. (9). 
bBa= 17.1836; Ba.e = -2.46940;Be =7.54545cm- l . 
<Coefficients Ba(a,e), Ba,e(a,e), and Be(a,e) from Ref. (9). 
dBa = 16.6484; Bo,e = -1.79673; Be = 6.99067 em-I. 
the C-H propeller blades. The variation from Ba(a 
= 0°,8 = 0') = 17.2134 to Ba(a = 30°,8 = 0°) 
= 17.9732 as the aldehyde hydrogen moves out of the 
plane is considerably greater than the changes which occur 
for methyl rotation. In this case, the CH group acts as a 
propeller with one blade which is not completely balanced. 
The result is that, as the CH group rotates, the center of 
mass of the molecule oscillates, which leads to large vari-
ations in the kinetic energy. 
The wagging torsional Hamiltonian, Eq. (1), was 
solved by the variational method. It was found that 37 
functions for torsion and 31 for wagging gave a sufficient 
basis size. Under the symmetrization of the G6 group, the 
dimensions of the 1147 X 1147 direct product matrix were 
reduced to al = 202 X 202, a2 = 201 X 201, and e=2(372 
X372). 
DISCUSSION 
In Table II, the energy level data obtained with flexible 
kinetic energy is compared to level data calculated with 
fixed kinetic energy. For the So state, the first quantum of 
methyl torsion, VIS = Ie, was found to lie at 151.806 
cm -I for constant kinetic energy and to increase to 
152.012 cm- I for the variable kinetic energy case. It is 
possible to attribute this small difference in energy to the 
coordinates of the methyl torsion mode. The value for the 
internal rotation constant at the equilibrium conformation, 
Be(O.Oo,O.OO) = 7.570 67 cm- I barely changes as the me-
thyl group rotates by 60' to the staggered conformation, 
Be(0.0°,59.97°) = 7.55197 cm- I . As discussed previ-
ously, this result is a consequence of the mechanical bal-
ance of the CH methyl bonds as they rotate about the C-C 
axis. The internal rotation constant, however, is more sen-
sitive to the effects of aldehyde wagging and increases to 
8.246 00 cm -I as a moves from the plane by 30°. 
The potential surface of the TI excited state is broader 
and flatter than the So ground state and contains six min-
ima. The out-of-plane motion therefore extends over rela-
tively large values of the a and 8 coordinates and the 
calculated frequencies would be expected to be more sen-
sitive to variations in the kinetic energy. This, however, is 
not the case. Compare VIS = Ie which is 82.398 cm- I for 
fixed kinetic energy with the value of 82.645 cm -I for the 
variable kinetic energy. 
The energy level data of Table II can be used to assign 
the weaker bands. The experimental data for the lower 
So state comes from the hot jet spectra of Table I(a). The 
observed values for the VIS = Ie and VIS = 2a l levels, 163.0 
and 307.7 cm - t, compare favorably with the calculated 
values of 151.806 and 283.172 cm-I, and indicate that the 
RHF procedure with a relaxed geometry provides a good 
description of the So state. 
For the TI state, however, the UHF procedure gives 
intervals of 82.398 and 173.092 cm -I for VIS = Ie and 
VIS = 2ab which are considerably higher than the observed 
values of 52.0 and IlO.9 cm- I . On the other hand, the 
VI4 = Ie quantum of wagging calculated at 254.337 cm- 1 is 
well reproduced in the spectrum at 249.4 cm- I . Thus it 
appears that the calculations generate a TI potentia1 sur-
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TABLE III. Calculated and observed torsion-wagging energy Levels for the So and TI electronic states of 
thioaeetaldhydea (in em -I). 
CH3CHS CH3CDS 
Vl4 VIS Sym. SOb TIC SOb TIC 
0 0 al 0.00 0.00 0.00 0.00 
0 0 e 0.00 0.75 0.00 0.62 
0 e 170.66(163.0) 58.00(52.0) 167.01(160.1) 35.96(39.0) 
0 a2 170.99 62.90 167.21 '37.87 
0 2 al 321.45(307.7) 129.99( 1 10.9) 317.01(303.3) 121.03(101.3) 
0 2 e 325.75 148.81 319.76 127.08 
0 3 e 444.06 184.89 441.83 144.89 
0 3 a2 473.10 201.04 462.65 147.17 
0 a2 863.64 288.80 626.19 252.21 
0 e 863.66 237.83(249.4) 626.19 204.12(215.8) 
Ba 17.1836 16.6484 8.63403 8.45328 
Ba.e -2.46940 -1.79673 -1.25475 -0.98516 
Be 7.54545 6.990 67 6.86259 6.30203 
CD3CHS CD3CDS 
VI4 VIS Sym. SOb T{ Sob TIC 
0 0 QI 0.00 0.00 0.00 0.00 
0 0 e 0.00 0.08 0.00 0.08 
0 1 e 126.49 37.02( 40.9) 121.85( 122.6) 22.13(29.6) 
0 1 a2 126.50 37.62 121.85 22.37 
0 2 al 245.12(241.3 ) 98.03(93.4) 236.78(234.6) 90.77 (81.8) 
0 2 e 245.19 102.91 236.82 93.63 
0 3 e 353.99(344.0) 138.87 343.32( 336.8) 114.45 
0 3 Q2 354.94 155.12 343.76 119.51 
1 0 Q2 820.01 213.66 603.89 180.62 
0 e 820.03 196.13 603.89 162.58( 184.0) 
Ba 15.5988 15.6035 8.01629 8.00446 
Ba.e -1.13304 -0.964 59 -0.75148 -0.64420 
Be 3.71869 3.58986 3.38002 3.311 26 
"Observed values are given in parentheses. 
bSO: Ali>c=20 033.3, Af~= -19 713.6, Aff=200.86, A~f= -520.595, A~~=7oo.397. 
ch Ali>C =92 10.82, Af~= - 10 835.3, Aff=495.771, A~f= -474.227, An=36.425, A?~= 1323.175, 
A?f=5.992, A~~= 190.008. 
face which is adequately described in the a (aldehyde wag-
ging) direction, but is too undulating and bumpy in the e 
(methyl torsion) direction. 
The calculations provide a good starting point for a 
refinement of the potential functions. As the Fourier ex-
pansions contain too many terms for a complete least 
squares fitting of the data, it was necessary to choose a 
convenient set for adjustment. Expansion coefficients 
Afi, Axt, and A~~ were selected for scaling in both states. 
The Aoo constant was adjusted to set the equilibrium po-
sitions to zero energy. A global fit was made simulta-
neously to the observed energy level data of all four iso-
topomers. The results are shown in Table III. 
The intensities of the transitions between the wagging-
torsion levels of the So and Tl states were calculated from 
the Franck-Condon and the Boltzmann factors. The inten-
sities calculated for a vibrational temperature of 30 K are 
given in Table IV. The spectra simulated with the 6-31G* 
and 6-31 G* scaled models are compared to the experimen-
tal spectrum in Fig. 7. The bands of the excitation spectra 
have a distinct contour which is the result of the overlap of 
many rovibronic transitions. For the sake of comparison 
with the experimental spectrum, it was assumed that, un-
der the low resolution used here, each band could be sim-
ulated by a Lorentzian function with a width at half-height 
of 10 em - I. While this procedure seems to be satisfactory 
for the lower bands in the spectrum, the contour of the 
1 5~e band appears to be quite different and extends over a 
50 em -I range in a series of weak subbands. The upper 
level for this particular transition, VIS = 2e, lies above the 
top of the barrier and as a result the methyl group under-
goes nearly free rotation. Above the barrier the molecule 
acquires an additional degree of rotational freedom and an 
extra free rotation quantum number which has the effect of 
spreading the rotational fine structure over a wide range. 
As our model does not treat the case of free rotation, we 
have simulated the profile of these bands with a contour of 
50 em -I width at half-height. 
The agreement between the overall profiles of the ob-
served spectrum and that calculated with the scaled 6-
31 G* basis (middle trace) is quite good, in that all of the 
major features are reproduced. The first band in the spec-
trum is composite and is calculated to consist of the two 
internal rotation doublets Ogal and age with intensities of 
8.2 and 4.3 which are separated by 0.75 em-I. The next 
J. Chern. Phys., Vol. 97, No.6, 15 September 1992 
Moule et al.: Dynamics in thioacetaldehyde 3971 
TABLE IV. Calculated transition energies' and intensitiesb for the methyl torsion and aldehyde wagging 
modes in the So - TI system of thioacetaldehyde, T = 30 K. 
CH)CHS 
em-I 
155e 148.81 
15~1 129.99 
156e 58.00 
146e 237.83 
15~ 184.89 
15601 259.65 
0301 0.00 
o:le 0.75 
CD)CHS 
15~ 138.87 
15~ 196.13 
15601 178.81 
155e 102.91 
155e 98.03 
156e 37.Q2 
Xal 332.06 
Xal 281.61 
Ogol 0.00 
0:Je 0.08 
Relative to 0301' 
~trongest band scaled to 100. 
~ (Ii 
Z 
W 
I-
Z 
Int. 
100.0 156e 
79.8 146e 
48.9 15~1 
41.0 15~al 
36.1 156e 
31.9 146156al 
8.2 0301 
4.3 Oge 
100.0 15~e 
49.9 15ge 
44.1 15~al 
25.4 15~e 
24.2 156al 
11.3 Xal 
4.3 Xal 
3.7 156e 
1.1 Ogal 
0.9 Oge 
6-31 G* 
W 
> 
6-31 G* scaled 
~ 
W 
0:: 
-100 o 100 200 300 400 
WAVENUMBER (cm- 1) 
500 
FIG. 7. A comparison of the observed and calculated supersonic jet spec-
tra of CH)CHS. 
CH3CDS 
em-I Int. 
127.08 100.0 
204.12 70.0 
121.02 58.7 
204.12 31.0 
35.95 21.2 
277.84 10.8 
0.00 6.3 
0.62 3.3 
CD)CDS 
162.59 100.0 
114.46 53.8 
161.57 47.5 
93.63 18.7 
90.76 18.2 
220.72 11.3 
284.30 9.3 
22.31 6.4 
0.00 1.2 
0.08 0.9 
band, 15be, at + 52.0 em -I, can be regarded as the first 
quantum addition of the Vl5 torsional mode. Its torsional 
component, 15:a2, does not appear in the spectrum since 
the low temperature of the jet allows for only the popula-
tion of the two lowest levels: v = Oal and v=Oe. The next 
band, 1560 I> at + 110.9 em - I forms the third member of 
the progression. The length and the strength of this pro-
gression in Vl5 provides a measure of the displacement of 
the equilibrium structure which occurs on So -+ TI excita-
tion. On the basis of Franck-Condon arguments, it may be 
concluded that the length and strength of the torsional 
progression calculated in the unsealed ab initio procedure 
is too great and that the changes in 8 are too large. 
The potential energy surface of Fig. 5 shows that there 
are four routes by which the minimum energy configura-
tion of the TI upper state can be achieved from the (a 
=0.0°,8=0.0°) configuration of the So state, namely, the 
clockwise-clockwise (+24.68°,+74.34°), and 
counterclockwise-clockwise (+24.68°,-45.66°), rota-
tions, and the equivalent set defined by the switch operator 
(-24.68°, -74.34°) (-24.68°, +45.66°). Thus it is possi-
ble for the structural displacement to occur along either 
the upward sloping positive diagonal or alternatively along 
the negative sloping diagonal. As the preference would be 
for a minimum structural distortion on electronic excita-
tion, the structural changes would take place along the 
(+24.68°,-45.66°) (-24.68°,+45.66°) negative sloping 
diagonal. Fitting the simulated, (6-31G* scaled) to the 
observed spectra generates a potential which has a corre-
sponding minimum at (+22.38°,-41.08°). In this case the 
minimum in the scaled potential is closer to the ground 
state origin by 6.a = 24.68° -22.38°=2.30° and 6.8=45.66° 
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TABLE V. Spectroscopic parameters for thioacetaldehyde (in cm-I).a 
CH3CHS CH3CDS 
Obs. Calc. Obs. Calc. 
So State 
vIs(tor.) 163.0 170.66 160.1 167.01 
2VIs(tor.) 307.7 321.45 303.3 317.01 
TI State 
vIs(tor.) 52.0 58.00 39.0 35.96 
2vIs(tor.) 1l0.9 129.99 101.3 121.03 
vI4(wag.) 249.4 237.83 215.8 204.12 
V9(C=S) 747.2 673.30 721.3 654.85 
VIO(CCS) 283.9 279.06 279.0 275.08 
CD3CHS CD3CDS 
So State 
vIs(tor.) 122.6 121.85 
2vIs(tor.) 241.3 245.12 234.6 236.78 
TI State 
vIs(tor.) 40.9 37.02 29.6 22.13 
2vIs(tor.) 93.4 98.03 81.8 90.77 
V9(C=S) 681.5 624.74 677.2 619.58 
v8(CCHQ ) 832.51 751.8 781.49 
aTI state: 6-31G* scaled potential, maxima, and minima. V(22.38°, -41.08°) = V(22.38°, +78.92°) =0.00; 
V(O.O°, 0.0°) =246.58; V(O.O", 60.0") = 192.50; V(22.38°, 18.92°) =452.06. 
-41.08°=4.58°. This smaller value of the e displacement 
then accounts for the reduced Franck-Condon activity 
which is observed in the torsional progression in the mid-
dle trace of Fig. 7. The other major difference is that the 
barrier to torsion along the a=O.O° direction of 54.08 
cm -I is smaller than the 146.24 cm - 1 value obtained for 
the ab initio case. This flatter potential is then directly 
responsible for the better agreement between the observed 
and calculated frequency intervals. 
The observed and calculated spectroscopic parameters 
for the four isotopomers of thioacetaldehyde are collected 
together in Table V. We may conclude from the above 
results that the structure and dynamics which are derived 
from scaled 6-31 G* ab initio theory provide a good start-
ing point for both the assignment of the observed spectrum 
and the refinement of the simulated spectrum. While the 
RHF procedure gives a good description of the ground 
state structure and dynamics, the triplet potential surface 
generated by the UHF method is too bumpy and undulat-
ing. The UHF calculations also generate minima in the 
potential surface which are found to be greater than those 
observed at the TI position of equilibrium. Before a more 
detailed picture can be given of the intermode coupling in 
the excited TI state, it will be necessary to perform further 
studies at higher experimental resolution. 
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